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tables of bond and resonance energies for
estimating standard heats of formation
I. INTRODUCTION
Thermochemistry is concerned with methods for evaluating
heat content or enthalpy changes in chemical reactions. Represent-
ative applications of thermochemical methods in jet propulsion
engineering involve the theoretical calculation of rocket perform-
ance. In this connection, it is of primary importance to know the
heats of formation of chemical compounds.
In any process, it is possible to measure only changes in
heat content rather than absolute values. Hence, it is necessary
to choose a standard state or a reference 3tate to serve as a
uniform basis for comparing heats of formation. The standard heat
of formation of a given substance is defined as the heat evolved when
one mole of the substance is formed from the elements in their
respective standard states at 298. 16 K and zero pressure. For ideal
gases, the heat of formation defined in this way is equal to the heat
of formation at a pressure of one atmosphere. For most real
gases, the difference between the heats of formation at zero pressure
and at one atmosphere is very small. The standard state for each
element is the state in which it is most stable at 25 C. and 1 atm.
pressure; i.e., the gaseous state for H, and N , the liquid state
for Hg, crystalline graphite for carbon, etc.
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For chemical compounds for which the heats of formation
are not known, it is frequently possible to estimate the standard
heats of formation by the use of tables of bond energies and
resonance energies. The bond energy is defined as the heat evolved
at zero pressure and 298. 16 K when two atoms form a chemical
bond. The resonance energy is an empirical quantity defined in
such a way that the sum of the bond energies and resonance
energies can be used to calculate the standard heats of formation
for a selected series of chemical compounds which exhibit resonance.
Pauling 1 ' first published a compilation of bond and resonance
energies. The concept of bond energies has been refined recently
and a comprehensive review of the experimental and theoretical
(2)
studies up to the year 1950 has been given by Swarc. ' The dis-
cussion of bond energies given in this paper is based upon the latest
available data. There has not been general agreement on some of
the listed values. For example, the numerical values of the heat
of sublimation of carbon and the bond energy of the nitrogen to
nitrogen bond are controversial. The values for the former range
from 125 Kcals/mole to 171.7 Kcals/mole, with different methods
of experimentation giving different values. In order to supplement
Pauling's well known tables of bond and resonance energies,
calculations have been carried out to obtain tables using for the
heat of sublimation of carbon both 135.8 Kcals/mole and 171.7 reals /mole.
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It must be emphasized that the following discussion and
data involve an oversirnplication of the problem of bond energies
and of their use in calculating heats of formation. In spite of thi3
admittedly oversimplified approach to the calculation of heats of
formation, the results are of considerable practical utility to the
rocket engineer in estimating heats of formation and predicting
rocket performance. The fact that even highly approximate
estimates of heats of formation may be useful for estimating
propellant performance is simply the result of very high heats of
combustion for most propellants. The heats of formation of un
known propellants occur in propellant performance calculations
as additive terms to the large heats of formation of compounds
such as H,0 and CO,, which are known accurately. Hence
considerable error can be tolerated in the theoretical estimates
of heats of formation of propellants; and. therefore, even highly
approximate calculations of heats of formation, based on tables of
bond and resonance energies, are useful.
II. PRELIMINARY REMAP
The bond energy of a single, double, or triple bond in an ideal
diatomic molecule i3 numerically equal to the energy required to
dissociate the molecule into atoms. The bond energies must be
used with discretion and care must be taken to apply them only to
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compounds which are known to have bonde of the type used. For
example, the two oxygen atoms in O, are believed to be* '
connected by a single covalent and by two three-electron bonds so
that its structure is largely
* • • • » •
: o : o ; or : o ; o :
Hence it follows that the dissociation energy of O- should be
much larger than the energy of a single covalent O-O bond as
listed in the table.
Individual bond energies for the polyatomic molecules are
not available because the experimental measurements on the total
heat of dissociation yield the sum of all the bond energies in the
molecule. Hence it is necessary to calculate bond energies from
experimental results on these molecules by indirect methods. In
polyatomic molecules, in particular for organic compounds,
relatively few different types of bonds are present. It has been
suggested that each bond possesses an energy which is independent
of the other bonds in the molecule, and that the heat of formation
of the molecule from gaseous atoms is equal to the sum of the
energies of the various bonds occurring in the molecule. This is
the additivity principle that will be used throughout the following
computations and is a necessary condition for the construction of
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a bond energy table. Where large differences exist between the
heats of formation calculated in this manner, and the heat of
formation known to be the true value from experimental determin-
ations, an amount of energy, designated as the resonance energy,
must be added. Further discussion of the resonance energy will
be given in Section V.
III. CALCULATIONS OF BOND ENERGIES INVOLVING CARBON
In the following discussions, the bond energy of the bond
A-B will be symbolized by D(A-B). The state of a chemical
compound is identified by (g) for gaseous, {£) for liquid, and
(c) for crystalline compounds; for carbon, in the form of graphite,
the symbol (gr) will be used. Heat evolved in a reaction has a
negative sign, and heat absorbed a positive sign.
The heat of formation of a compound from gaseous atoms
will be designated by ? . For methane, according to the
additivity rule, C is equal to the energy of four C-H bonds,
4D(C-H); for ethane, c equals the sunn of the bond energies
D(C-C) f 6D(C-H). For the normal saturated hydrocarbons,
C K- , 2' we "^y form a general expression for the calculation
of c by using the accurately known data on heat of combustion
(3 4)





H2n 4 2{&) * [< 3n+1 > /2 ] °2<8>
= nC°2 ( S> + (n+1) H2° <*> {l)
the heat of reaction at constant pressure, Q, is related to the
standard heats of formation, AHf , by the relation
Q = n£Hf° [C02(g)] + (n+1) AHf° [2I20<£)] - AHf° [CQH2n+2(g)] . (2)
From the definition of AHf^ C H-
-(g) , it follows that
j
nC(Sr) + (n+1) H2(g) = CnH2n+2(g) + AHf° [CnH2n+2<g>]
.
(3)
Using the additional relations
nC(g) =nC(gr) - nL(C) (4)
and
2(n+l)H(g) = (n+1) H
2(g)
+ (n+1) D(H-H). (5)
where L(C) is the heat absorbed during sublimation of one mole
of carbon, it is seen upon summation of Eqs. (3), (4), and (5) that
nC(g) + 2(n+l) H(g) - C
n




f * AHf° [CaH2n+2(g>] - tiL(C) + (n+1) D (H-H) . (7)
The solution of J in terms of the heat of combustion is now
obtained by combining Eq. (7) with Eq. (3), so that
J« - O + nAHf° [CG2(g)] + (n+l)AHf° [H^Otf)] -nL(C) + (n+1) D(H-H). (8)
By calculating J , the bond energies for the C-C and C-K bonds
can be found since, by the additivity principle,
J
s (n-1) D (C-C) + (2n + 2) D (C-H). (9)
(5)Carrying the analysis a step further, Syrkin and Dyatkina* ' found
that the additivity principle cannot be used with accuracy for the
first four members of the alkanes. However, all higher members
conform to the additivity principle. The calculations of D(C-C)
and D(C-H) have been carried out for the compounds C K, -
with n varying from 5 to 12 (Cf. Appendix I).
By the use of a similar procedure we can calculate D(C=C)
from the heat of combustion data for the alkenes with the general
formula C H- . Proceeding as before, the heat of formation of
C H_ from the gaseous atoms, ^ , is
|a . Q + nAHf°[C02(g)]+ nAHf°[H20(J?)1 + nD(H-H) - nL(C). (10)
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Using the additivity equation and the value of j obtained from
Eq. (10), it is found that
D (C=C) = J - (n-2) D (C-C) - 2nD (C-H) (11)
from which the C=C bond energy can be calculated. The values
determined from the compounds C.H. Q to C, 2H24 were
averaged in order to obtain the value listed in Table I.
The C = C bond energy was also calculated by this pro-
cedure. The additivity equation for the alkynes is
D (C=C) a | - (n-2) D (C-C) 2(n-l) D (C-H) (12)
where it can easily be shown that
5= - Q + n£Hf° [C02(g)] + (n-1) AHf° [h2O(J0] -nL(C) + (n-1) D(H-H). (13)
The values determined from, the compounds CcH
fi
to C. ?H.~
were again averaged to obtain the value listed in Table I.
The energies for the bonds between carbon and the halogens,
C-F, C-CJJ, C-Br, and C-I, were calculated by use of the heat of
(6)formation data of Rossini* ' for the compounds CF4 , CCJ? ., CBr4 ,
and CH-I respectively. The C-N bond energy was calculated from
the heat of formation data for several amines, and the C-O bond
energy from dimethyl ether. The energy for the C=0 bond was
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calculated from formaldehyde, the higher aldehydes, and the
ketones. All three values have been listed in Table I. The C= N
bond energy was obtained by averaging results of the bond energy
computations for HCN, CH-CN, and C/H-CN. The C-S bond
energy was obtained by utilizing the known heat of formation of
dimethyl sulfide.
IV. CHEMICAL BONDS NOT INVOLVING CARSON
The energies for the bonds involving the halogens were
obtained from spectroscopic data. Some of the references
consulted listed the bond energies D(A-B) for the bond A-B at a
temperature of K. For these values, an appropriate temperature
correction to 298. 16 K has been carried out. If D(A-B) is the
bond energy at K, then* '
D(A-B) * D(A-B) A (5/2)RT + ART 2(d*n Q^/dT) (12)
where Q ,. is the vibrational partition function. For ideal gaseous
diatomic molecules, such as HF, it is known that
RT 2 [dUn Q
vib)/dTJ * RT [exp(u) - l] u (13)
t References used for these calculations are listed in Table II.
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v/here u - hcu;*/kT; h = Planck's constant; c = velocity of light;
ou* = wave number corresponding to the (forbidden) transition
from the vibrational ground level to the first er-scitei vibrational
level, in each case the rotationless state being involved; and
k Boltzmann constant. Values for u or cu * are given in the
(8)
literature. ' Details concerning the calculations for several
special cases are given in appendix II.
The bond energies listed are always dependent upon the
products formed as the result of dissociation. Where ambiguity
exists regarding the products of dissociation, multiple entries
are given in Table n.
Through use of the data listed by Rossini, * ' the energies
for other bonds can be obtained. Following the methods outlined
by Pauling, 'the energies of the bonds Si-Si and Ge-Ge are one-
half of the heats of sublimation of the crystals of these elements.
These crystals have the diamond arrangement, with each atom
connected by single bonds to its four nearest neighbors, which
surround it tetrahedrally. The values for the P-P and As -As bond
energies are one-sixth of the heat evolved when the molecules P4(g)
and As^(g) are formed from gaseous atoms. Both of these compounds
have tetrahedral crystals with six bonds along the tetrahedron edges.
The energy for the S-S bond is one-eighth of the heat of formation
of Sg(g) from the gaseous atoms, since the S« molecule
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ls an eight-membered ring containing eight 3-3 bonds.
The value for the N-H and N-N bond energies were selected
(9)from the work of Cole and Gilbert. v ' Some controversy still exists
with respect to the N-H bond energy; however, the value of
88. Kcals was favored by Cole and Gilbert after various theoretical
studies, including a study of bond lengths. The value for the N-N
bond energy then was calculated using the known heat of formation
of the molecule hydrazine (N 9H4 ).
Again following the methods described by Pauling, the O-H
bond energy has been calculated from the value of AHf° for H20(g),
after which the O-O bond energy was found using the value of AHf
for hydrogen peroxide.
The bond energies involving silicon and the atoms H, F,
C%, O, Br, and S were computed from the heat of formation data
of Rossini* ' for the molecules SiH4 , SiF4 , SiC# 4 . SiO^, SiBr4 ,
and SIS?* The heats of formation available for SiC% and SiS
?
referred to the compounds in the crystalline state, which have four
bonds per molecule. These crystals are giant polymers, each
silicon atom being connected by single bonds to four oxygen or
sulfur atoms, each of which is in turn bonded to two silicon atoms.
The bond energies for P-H, P-C£ , and P-Br were
computed from the standard heat of formation of PH-, PC£,, and




The bond energies as-H, As-F, As-C£ # and As -Br were
found using the standard heats of formation for the molecules
AsII~, AsF-, AsC£ 3> and AsBr-, and the heat of sublimation of
As, since the standard state for As is crystalline.
The energies for the S-CJ? and S-Br bonds were found
from heats of formation of S^CK- am* ^2^r2' re8Pect*vely» For
the present calculations , the structures for these two molecules
were assumed to be
: cji : s ; s . ca; and iBr ; s ; s ; Br ;•.
Since Rossini's* ' heat of formation for S-Br, referred to the
liquid state and the heat of vaporization was not available in the
literature, Trouton's rule was used for estimating this quantity as
a necessary step in the calculation of the S-Br bond energy. The
error involved in this approximation is small.
The S-H bond energy was obtained through use of the heat
of formation for H,S and the heat of sublimation of crystalline
sulfur.
The bond energies for N-F, F-O, and CJi -O were obtained
using the heats of formation for NF,, F.O, and C% yO, respect-
ively.
The energy of the N=N bond has been the subject of much
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controversy. Bfttmttai ran^c from 172 Kcals to 272 Kcals. ' ' ' '
The value of 225. 5 Kcals, preferred by Gaydon and others, has
been selected.
V. RESONANCE ENERGY CALCULATIONS
If the bond energies lifted in Table I and II are U3ed to
estimate the standard heats of formation, erroneous results may
be obtained because no provision has been made for the inclusion
of extra energy associated with resonance.* The resonance energy
may make an appreciable contribution to the heat of formation of
some chemical compounds.
The effect of resonance can be seen readily by considering





































Because of stabilisation of the benzene molecule by resonance, the
* It should be noted that the method of calculations described in
this section does not depend on the physical "reality" of the




heat of formation from gaseous atoms will be considerably greater
than the heat of formation computed as the sum of 3D(C-C) +
3D{C=C) + 6D(C-H). Denoting the resonance energy by £ „, the
expression for the heat of formation from the gaseous atoms can
be written
) = 3D(C-C) + 3D(C = C) 6D(C-H) + J R . (14)
In general, resonance energies are computed as the difference
between the experimentally determined heats of formation, and the
heata of formation calculated by taking the sum of the energies
for the separate chemical bonds.*
The standard heats of formation were obtained either from
Rossini,' ' or from the conversion of heats of combustion data.
Much of the data on heats of combustion was only available for
compounds in either the crystalline or liquid states. This
necessitated the use of heats of fusion and heats of vaporization.
* Objections have been raised recently against the concept of
resonance energies as being the difference in energy between
the actual resonating molecule and a hypothetical molecule
made out of "normal" bonds. For a recent discussion concern-
ing the calculation of compressional energy, bond hybridization
corrections, and resonance energy, reference should be made,
for example, to a paper by C. A. Coulson and 3. L. Altman,
Trans. Faraday Soc. , 48, April (1952), pp. 293-302. It should
be noted, however, ChaFTor the practical applications with
which this paper is concerned, the conventional notion of
resonance energy is entirely adequate.
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which also were not always available. Therefore, where necessary,
estimates were made using the aforementioned Trouton's Rule,





For molecules with a C=0 bond, the choice of the energy value
to use for this bond is dependent upon the structure of the entire
compound. Thus, the dialkyl carbonates have a structure similar
to the ketones with respect to the C=0 bond and therefore, the
D(C=0) of Table I, computed from ketones, was used. For furfural,
however, the D(C=0) computed from the higher aldehydes was used.
In order to estimate the resonance energy for carbon monoxide and
carbon dioxide, the D(C=0) of Table I, computed from formaldehyde,
was used.
The resonance energy computations are given in Appendix III*
and the results comprise Table III. Pauling's corresponding
resonance energies are also listed in Table HI for comparison.
VI. USE OF TABLES OF BOND AND RESONANCE ENERGIES
FOR ESTIMATING STANDARD HEATS OF FORMATION
Application of the tables of bond and resonance energies will
now be shown by several examples. The first few calculations of

sto.ndU.ru heats of formation «ru routine amplications of the list,
data. However, for several :jropellantb having the nitro group as
rt of their zr.olecular structure, indirect procedures oi* calcu-
lation *re necessary because it is not possible to predict the
influence of the nitro jjroup on the total resonance energy of the
molecule.
(a) n-!>atane
By definition of the heat of formation of a compound fro
the gaseous atoms, y , it can be written
4C(g) + 10:i(g) - C4H 10(g) - } (16)
where
} a 3D(C-C) 10D(C- ). (17)
Using the bond energies consistent with a heat of sublimation for
carbon of 135.8 KcaU, it is found that \ ~ 1093. 8 Kcals. To foi
the equation for the formation of n-butane from the elements in
their respective standard states, use is made of the additional
relatic




» 10K(g) + 521.0 Kcals.

-17-*
:ii:ion of Eqs. (16) an 3 {1C) obtai.
4C( fir) 5H2(g) = C4H10(g) -29.6 Kcals. 19)
Thus through the uue of the bond energy tables, the standard heat
of formation for n-butane has been found to be AHi: » - 2 .6 ca] .
Rossini ' lists the value AHf^ - 29.0 reals, which agrees closely
v/ith the calculated value,
(b) ? ethyl alcohol
The relation for the formation o£ the compound from the
separated atoms is
C(g) + r:(g) + 0(g) = CH3 OH(g) - £ (20)
where
J
a D(C-O) + 31 :-H) + D(0- )
.
(21)
Again using the bond energies consistent with L(C) = 135. 6 caL*.
it is found that f - 454.5 Heals. 'ding 5q. (20) to the sum of
the following
C(gr) = C(g) + 135.8 Kcals,
,(-) = 4H(g) + 208.4 I-cals, (22)
\ 2(g) = O(g) + 59. 2 Kcals,

The equation for the standard heat of formation i3 obtained, vi:;.
,
C(gr) + 2H2(g) + \ Oz(g) = CH3 OH(g) - 5l.lKc*U. (23)
This computed value of AHf agrees reasonably well with Rossini's
value of - 48. 10 Kcals.
(c) Difluaro-Dichloro- 2vlethane
The equation for the formation of this compound from the
gaseous atoms is





y = 2D(C-F) + 2D(C-Cje ). (25)
Solving for y by using bond energies consistent with L,(C) - 135.3 1 cals,
we find y - 324.2 Kcals. Adding Eq. (24) to the following
C(gr) = C(g) + 135.8 Kcals,
-(g) 2r(g) + 36.4 Kcals, (26)
C*
2(g)
= 2Cj£(g) + 58.0 Kcals,
the equation for the standard heat of formation is obtained, viz.
,
C(gr) + F 2(g) + CJ? 2(g) = CF2 CJ^ 2(g) - 94.0 Kcals.
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standard heat of formation of CF^CJ^ , does not appear to
have been determined experimentally.
(d) Furfuryl Alcohol
The calculation of AHf for this compound requires inclusion
of an appropriate estimate for the resonance energy. This com-









By reference to Table III, it is seen that this structure is similar
to furfural, vis.
,
O h/ \ 7
H - C C C=0
K — C C— H
which has a resonance energy of 30. 1 I cals/mole consistent with
L(C) 135.3 Kcals. Assuming that the resonance energy of furfuryl
alcohol is also 30. 1 2 cals/mole,






f = 3D(CO) + 2 3(C=C) + 2D(C-C) + 5D(C-H) + D(O-H) + 30. 1 - cala. (
Using the data from Tables I and II, it is found that P = 1165. 4 cala.
With the additional relations
5C(gr) = 5C(g) + 679.0 Kcals,
3H
2(g)
= 611(g) + 312. 6 Kcals, (29)
O
z
(g) = 20(g) + US. 3 Kcals,
it is found upon addition that AKl - 55. 5 7 cala. Experimental
data are not available for comparison with this calculated value.
(e) Tetranitromethane
The propellants containing the nitro group as part of their
molecular structure are very important to the rocket engineer. In
v
order to estimate the heat of formation of these propellants, an
indirect procedure is used as follows. Rossini * lists for
CH, NO,U) the value AHf° = - 21.23 Kcals /mole, rhe heat of
i (4)
vaporization of CH-NO, io 8.23 [teal/mole, and therefore,















= CH4(g) - 17. 89 Kcals, * (31)
so that upon substruction of Eq. (31) from Eq. (30) it is found that
CH4(g) + 1/2 N2(g) + Oz(g) = CH3N02(g) + 1/2 H2(g) + 4. 84 Kcals. (32)
Equation (32) may be interpreted as giving the energy absorbed
when an atom of hydrogen is replaced by a nitro group in methane,
applying this to tetranitromethane, which has four such sub-
stitutions, it can be written
CH4(g) + 2N2(g) 402(g) a C(NG2 )4 (g) + 2H2(g) + 19.36 Kcals. (33)
The addition of Eqs. (32) and (33) yields AKf°[c(N02 )4(g)] = 1. 47 Kcals
However, the experimentally determined AHf^ for this compound
is 18.0 Kcals. ' ' Therefore, this calculation is not adequate; it
appears that interference between the NO, groups makes
tetranitromethane less stable than expected.
(f) Hexanitromethane
Applying the same procedure in estimating AHf for this
compound, i.e. , replacing the six hydrogen atoms in C 2H, by NO,
* This value is listed by Rossini (Reference 6). It does not agree
with the value calculated from tables of bond energies since the
additivity rule does not apply to this hydrocarbon.

and absorbing 6(4. v caIz in the process, it is found that
£Hf (tJNO^Mg)] = + 8.80 Kcals. The compound is evidently less
-ble and will therefore have a heat of formation more positive
than the above value. A much more accurate estimate will be
obtained from the equations
C(gr) f 2N
2(g)
= CH4(g) - 17.89 Kcals (31)
and
C(gr) i 2N
2(g) + 402(g) = C(N02 )4(g) + 13. Kcals. (34)
Subtraction of T.q. (31) from Eq. (34) leads to the result
CH4(g) + 2N2 ( S ) + 402(g) - C(N02 )4(g) + 2H2(g) + 35.89 Kcals. (35)
Thus, 1/4 (35.89) = 8.97 Kcals is now found as the energy absorbed
in replacing an H atom by NO-,, taking account of the interference
of the NO, groups in tetranitromethane. Thus, for hexanitroethane






2(g) + 6C2(g) * C 2(NC2 )6 + 3H2(g) + 53. 32 Kcals. (36)
Using the value of AHf° for C^UAg) listed by Rossini (-20.25 I cals),

-23-




a + 33. 6 Heals. Upon
estimating the sum of the heats of vaporisation and fusion to be
approximately 10 I cals, it can be seen that
AHf° [C2(N02 )6 (c)] *+ 23 Kcals/mole. (37)
(g) Dinitrobenzene
Pauling* ' explains that whenever the group R, replacing
an H atom in benzene to form. C, H^R, contains an electronegative
atom and a double or triple bond conjugated to the benzene ring,
additional resonance energy is present. Thus, for the NO, group
replacing an H atom in benzene, resonance v/ill occur not only
between the normal benzene structures as shown previously, but
also between the following structures:
(+>\_y= N x.. \ >=>
•(-)
: :,2 :/ > <) «'<-)
A V (+)/ -
<_>= M v..
9j.,
wherein the nitro group accepts a pair of electrons from the benzene
ring. Using the amount of heat absorbed in the replacement of the
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hydrogen atom in methane by a nitro group, namely 4. 84 Kcals,
the standard heat of formation of nitrobenzene is calculated to
be 24.7 Kcals. However, due to the above resonance, it would
be expected that the true value is less positive, i. e. , nitrobenzene
should be more stable. R-Ossini* ' lists AHf [C^HgNO^Cg)]
+ 14. 27 Kcals /mole. Therefore, for this substitution of NO, on
the benzene ring, the appropriate equation is
C6H6(g) + 1/2 N2(g) * Oz(g) a C6H5 NG2(g) + 1/2 H2(g) - 5.5 Kcals. (38)
since ^HT [pA^Cs)] * + 19. 82 Kcals /mole. Upon applying this
value of Eq. (38) in the calculation of AHf for dinitrobenzene,
it is seen that








+ 19. 82 Kcals, (40)
it is found by addition that
AHf° [c
6
H4(N02 )2(g)] = + 8. 8 Kcals /mole. (41)
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One would expect that the true value of AKf for dinitrobenzene
is somewhat less positive than 3. 8 Kcals/mole because of the
possibility of additional resonance stabilization resulting from
the introduction of two NC^-groups into the benzene ring.
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Table I. Energies for Bonds Involving Carbon*
L(C) = 135.8 kcals* 12 * L(C) = 171.7 kcals* 6)
1. D(C-C) 67.6 85.5
2. D(C-H) 89.1 98.1
3. D(C=C) 107. 1 143.
4. D(C=C) 143.0 194.3
5. D(C-C&) 69.3 78.3
6. D(C-3r) 57.8 66.
7. D(C-I) 55.3 64.2
8. D(C-F) 92.8 101.7
9. D(C-N) 72.1 81.0
10. D(C-O) 76.6 85.4
11. D(C-S) 54.9 63.7




165. 3 ft 183. 2tt
13. D(C=N) 183.7 210.6
* All bond energies are in kcals/rnole.
** Determined from formaldehyde,
t Determined from higher aldehydes.




ISfcblc II. JUnergiea for T^onda not Involving Carbon
1. _%?-F) = 36.4(13)
2. D(Br-Br) = 46.^
3. [CJUCA) = 53.0(6)
4. 1(1-1) s 36.5
(S)
5. D(H-H) = 104. 2* 6)
6. D(H-F) = 134.5<14)
7. D(Br-F) = 50.7 or 60. 8^ lb)v
.
8. V{l-F) = 46.5 or 6?.0(15)t
9. D(I-Br) = 42.5* 15)
10. D{C*-P) = 59.9 or 61.2<lt>) +
11. D(Br-Cji) = 52.2* 15)
12. B(I-O) = 50. 3* 15)
13. t>(H-CJfc ) = 103. 2
14. D(TI-Br) = 07.6
15. D(H-I) =71.6
16. N-N) * 60.0(2)(9)
IT. :- :) = 3£.o* 9)
18. j(N^N) = 225.5* 10 *
19. LSI) = 44.0
20. 3e-Ce) = 39.2
The first value refers to the Br atom in the excited state and the 1
atom in the normal state; the second value refers to the F Atom in
the excited state and the Br atom in the normal state.
The first value refers to the I atom in the excited state and the I
atom in the normal state; the second value refers to the 3 >m in
the excited state and the I atom in the normal state
The firct value refers to the C£, atom in the normal state and the 3
atom in the excited state; the second value refers to the F atom in




21. D(Aa-As) = 34.5
22. D(P-P) = 47.9
23. D(S-3) = 50.3
24. D(O-O) = 33. 1
25. D(O-H) = 110.6
26. D(Si-H) = 77. 8
27. D(Si-F) = 132.7
28. D(Si-C£) = 87.4
29. D(Si-O) = 102.9
30. D(Si-Br) = 70.4
31. D(Si-S) = 57. 3
32. D(OH-:OJ = 118.3<6)
33. D(H-P) = 76.4
34. D(H-Aa) = 58.6
35. D(H-S) = 81.1
36. D(N-F) = 64.9
37. D(P-C$) = 78.5
38. D(P-Br) = 63.9
39. D(As-F) = 111.2
40. D(As-C8) = 73.2
41. D(As-Br) = 58.4
42. D(S-Cfc) = 60.0























































































































Carbon Monoxide CO C=0 90.7* 72.7 58





SUMMARY OF CALCULATIONS USED TO DETERMINE
BOND ENERGIES INVOLVING CaRBON f
1. Calculation of D(C-C) and D(C-H)
From the main body of this thesis
^
x . o + n&Hf° [C02(g)] + (n+l)AKf° [h2O{J0]
- nL(C) + (n+1) D (H- I), (8)
jf = (n - 1) D (C-C) + (2n+2) D (C-H). (9)
Results obtained by use of Eq. (8) for the alkanes from pentane





1 ' ' — .....I .i, ,— 1, ,
.
i—
Data Used for Computation of c .
ST—— T - -zzzz=-z.-r.—r




H12 S45.3 470.5 409.8 858.5 679.0 625.2 1518.7 1339.2





1158.2 658.7 546.4 1201.9 950.6 833.6 2082.4 1831.1
t The bond energies consistent with L(C) » 171.7 Kcals are starred(*).
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Table A- I. Continued
——-rrcz — ;=
Compound -Q











1471.3 846.9 633.0 - 1222.2 1042.0 2645.9 2322.8
C 10H22 162C.2 941.0 751.3 1717.0 1358.0 1146.2 2927.3 2568.3
C liH24 1784.4 1C35.0 819.6 .7 1250.4 32C9.4
~12H26 1941.9 1129.2 837.0 2060.4 1629.6 1354.6 3490.2 9.4
Two equations in the two unknowns, D(C-C) and D(C-H), may
be formed through use of Eq. (9) as follows:
4D(C-C) 12D(C-H) a 1518.7* or 1339.2
5D(C-C) + 14D(C-H) = 1800.7* or 1565.3
6D<C-C) + 16D{C-H) = 2082.4* or 1831. 1
7D(C-C) * 18D(C-H) * 2364. 3* or 2077. 1
, summation
ZZ - ) + 60D(C-H) - [7766.1 * or 6832.9] Ecals.
8D(C-C) + 20D(C-H) = 2645. 9* or 2322. 8
9B(C-C) + 22EKC-H) = 2927.3* or 2568.3
10D<C-C) + 24D<C-H) = 3209.4* or 2814.5
IID(C-C) + 26D<C-H) - 3490.2* or 3059.4
By summation
38D(C-C) + 92r><C-K) « [l2,272.8* or 10. 765. o] Kcals.

Solving the preceding equations, it is found that
D(C-H)* = 98. 1 Kcals
D(C-C)* = 85.5 Kcals
D<C-:i) = 89. 1 Kcals
D(C-C) -67. 6 reals.
2. Calculation of D(C=C)
an :!
This bond energy is obtained using, from the text,
£ - n£.:*f° [C02(g)] + n^H£° [h2O(J0 )]
+ nO(H-H) - nL(C) (10)
D(C=C) = £- (n-2) D (C-C) - 2n D (C-H). (11)
The solutions of Eq. (10) for the alkenes from pentene to dodecene
are listed in Table(A-II).
Table (A -II). Data Used for Computation of
Compound
_-Q £% Q^% ^ nLfC) „L(C) - ) -)_
C
5
H 10 806 « 85 470.5 341.6 521.0 858.5 679.0 1384.7 1205.3
C 6H 12 964.26 564.6. 409.8 625.2 1030.2 814.8 1665.5 1450.1
C
?




Compound ~Q '^^ "nAHf° " n , n L (0* n L (0 '} -*
546.4 833.6 1353.6 1086.4 2227.3 1940.1
614.7 937.8 1545.3 1222.2 2508.1 2185.0
633.0 1042.0 1717.0 1358.0 2789.0 2430.0
C
11
H22 1751 - 46 1035.1 751.3 1146.2 1888.7 1493.8 3069.8 2674.9
C
12
H24 1908 - 91 H29.2 819.6 1250.4 2060.4 1629.6 3340.7 2909.9




18 1436. 58 846.9
C
10
H20 1594. 02 941.0
The values of D(C=C) are computed by using Sq. (11) for each of
the compounds listed in Table (A -II). It is found by taking the average of
the eight values thus obtained, that
D(C=C)* = 143.0 Kcals
D(C^C) = 107. 1 c*ls.
3. Calculation of D(CeC)
This triple bond energy is obtained through use of the following
equations








D{C=C) = £- (n-2) D (C-C) - 2{n-l) D (C-H). (13)
The computation is carried out using the alkyne series for n varying
from 5 to 12. Table .,-111 contains the data for the solutions of
Eq. (13), and Table A-IV the data for the solutions of Eq. (12).
Table (a-HI). Data Used for the Computation of C
Comoound " Q """*' -^^TuCf n L CO ~^\ ~f 1p ^^
^m) P(H-H) * J
C P H„ 778.0 470.5 273.3 858.5 679. C 416.3 1241.1 1061.65 5
C
6
H10 935.5 564.6 341.6 1030.2 814.8 521.0 1521.9 1306.5
C
?
H 12 1092.9 658.7 409.8 1201.9 950.6 625.2 1802.7 1551.4




J6 1407.8 846.9 546.4 1545.3 1222.2 833.6 2364.4 2041.3
C
10
H13 1565 ' 2 941 '° 6147 1717 -° 1358.0 937.3 2645.3 2286.3
C 10H20 1722 ' 7 1035 -° 683. 1888.7 1493.8 1042.0 2926.0 2531.1





Table (a-IV). Data Used for Computation of the Bond Energy, D(C = C)










342.0 981.0 270.4 891.0
C
7
H 12 427.5 1177.2 338.0 1069.2
C
8
H 14 513.0 1373.4 405.6 1247.4
C
9








20 769.5 1962.0 608.4 1782.0
C 12H22 855.0 2158.2 676.0 1960.2
Total 4446.0 11772.0 3515.2 10692.0
It is found by taking the sum of each of the columns of Table
A-IV and of the y columns from Table A -III that
8B(C=C)* = 17772.0 - 4446.0 - 11772.0
D(C = C)* = 194.3 Kcals*
and
8D(C = C) = 15350.8 - 3515.2 - 10692.0






= C Ci 4(g) - 25.50 KcalJ
6)
4CU(g) = 2Cj? 2(g) - 116.05
C(g) * C(gr) - [l71. 7* or 135. 8]
By addition
C(g) + 4C (g) = C CJ? 4(g) - [313. 25* or 277. 35] Kcala
^ = 4D(C-CJO
D(C-CJ£ )* = 1/4 (313. 25) = 78. 31 Kcala*












4Br(g) = 2Br2(g) - 92. 89
C(g) * C(gr) -[171. 7* or 135. 8]
By addition
C(g) + 4Br (g) = CBr4(g) - [267. 27* or 231. 3?] Kcals
\ 4D(C-Br)
D(C-Br)* = 1/4 (267.27) = 66.82* Kcala





C(gr) + 3/2 H2(g) + 1/2 I2(c) = CH3I(g) f 4.9 Kcals
C(g) =C(gr) - [l71.7* or 135. 8]
l/2I




1(g) = l/2I2(g) - 18.3
By addition
C(g) + 3H(g) + 1(g) x CH3I(g) - [358.5* or 322.6] Kcals
) = 3D(C-H) + D (C-I)
D(C-I)* = 353.5 - 3(93. 1) = 64. 2* Fcals




= CF4(g) - 162.5 Kcals
(6)
4F(g) = 2F2(g) - 72.78
C(g) « C(gr) - [171.7 or 135.8]
By addition
C(g) + 4F(g) * CF4(g) - [406.93* or 371.08] Kcals
| = 4D(C-F)
D(C-F)* = 1/4 (406. 98) = 101. 74 Kcals*





C(gr) + 5/2 H
2(g)
+ 1/2 N2(g) = 1'^C - NK2 -6.7 Kcals*
6
*












- [s51.7* or 515.8] Kcals
y = D(C-N) + 2D(N-H) + 3D(C-K)
D(C-N)* =551.7 - 176 - 294.3 =81.4 Kcals*
D(C-N) « 515. 8 - 176 - 267. 3 * 72. 5 Icals.
(b) From Ethylamine




= C^N - 11.6 Fcals (6)
2C(g) = 2C(gr) - [343.4* or 271.6]
7K(g) = 7/2H2(g). 364.7
N(g) = 1/2 N^g) - 112.8
By addition
2C(g) + 7H{g) 4 N(g) = C^N - [832.5* or 760.7] Kcals
^ = D(C-C) D(C-N) + 2D(N-H) + 5D(C-H)
D(C-N)* = 832.5 - 85.5 - 176 - 490.5 = 80.5 Kcals*
D(C-N) * 760.7 - 67.6 - 176- 445.5 a 71.6Kcals
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By taking the averdge of the previous two computations it is found
that
D(C-N)* = 81.0 Kcals*
D(C-N) = 72. 1 Kcals
9. P(C-O)
2C(gr) + 3H
2(g) + 1/2 2(g) = H3 CO-CHjIg) - 44. 3 Kcals
(6)




Q(g) = l/2 2(g) - 59.2
By addition




-[759.5* or 687.?] Kcals
I
= 6D(C-H) + 2D(CO)
D(C-O)* = 1/2 [759.5 - 6(98. 1)] = 85.4 locals*








-6.9 Kcals* 6 *




5(g) = 5(c) - 53. 25
By addition




- [?16. 15* or 644.3s]i cals
J = 6D(C-H) + 2D(C-S)
D(C-S)* = 1/2 [716. 15 - 6(98. 1)] = 63. 7 i c«*ls*
D(C-3) = 1/2 [644.35 - 6(89. 1)] =54.9 Kcals
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11. D{C = 0) H
(a) From Formaldehyde (h - C = Oj
C(sr) + 1/2 O
z
(q) + H2(g) HCOH(g) - 27.7 Kcals*
6
*








C(g) + 2H(g) + O(g) = HCOH - [362. 3* or 326. Steals
J
= 2D(C-H) + D(C*0)
D(C=G)* 362. 8 - 2(98. 1) = 166. 6 Kcals*
D(C=0) = 326.9 - 2(89. 1) = 148.7 Ilcals.







-CHO(g) - 39.76 Kcals* 6)








2C(g) + 4H(g) 4- O(g) = CH
3
-CHO(g) - [650.7* or 578.9] Kcali
I
= D(C-C) + D(C=0) + 4D(C-H)
D(C=D)* 650.7 - 85.5 - 4(98. 1) * 172. 8 kcals*
D(C=0) = 578.9 - 67.6 - 4(89. 1) = 154. 9 Kcals.

-43-
(c) From Propionaldehyde (C-HgCHO)
The heat of combustion of the liquid and the boiling point are
known to be 434.2 Koala/mole* ' and 322.0 K ' respectively. The





CHO<JD + 402(g) * 3C02(g) + 2H2O(J0 - 434. 2 Kcala
where
-434.2 = 3^IIf° [C02(g)] 3AHf° [lI20(Jl)] - AHf° [c^CKO* A)]
Solving this equation it is found that
AHf° [b 2H5CnO(j})] = - 52.9 Kcals.
and, since by Trouton's Rule it ifl known that
AH 21 TQ _. = 6.76 1 cals,vap





CHD<g)] = - 52.9 + 6.76 = - 46. 1 7 cals.
Thus
3C(gr) + 3H
2(g) + 1/2 2(g) = C 2H5CHO(g) - 46. 1 Kcals
3C(g) * 3C(gr) - [515. 1* or 407.4]
6H(g) * 3K2(g) - 312.6
0(g) = l/2G2(g) - 59.2
3C(g) + 6H(g) + O(g) = C2H5CHO(g) - [933.0* or 825. 3] Kcals
| = 2D(C-C) + 6D(C-H) + D(C=0)
D(C=0)* = 933.0 - 171.0 - 588. 6 = 173. 4 Kcals*
D(C=0) = 825.3 -135.2 -534.6 = 155. 5 Kcals.

-(d) From HcpUldehydc [cHjfCH,)- CI ]
The heat of combustion and boiling point are known to be 1062.4
Kcals/mole* ' and 42S. 2 K* ' respectively. By a procedure similar
to the previous calculation












2 )5 CHO(J^) = - 74. 2 Icals.
Since
AH * 21 T_ _. = 8.98 Kcals,
vap . t.
it is found that
AHf°(g) = - 74. 2 * 3.93 = - 65. 2 Kcals.
Thus
7C(gr) + 7H2(g) + 1/2 G2(g) = CH3(CH2 )5 CHO(g) « 65. 2 Kcals




O(g) = l/2D2(g) - 59.2
7C{g) + 14H(g) * O(g) * CH3(CH2 )5CHO(g) - [2055.7* or 1804. 4]Kcals
I 6D(C-C) + 14D(C-H) + D(C*Q)
D(C=0)* - 169. 3 Kcals*
D(C«0) * 151. 4 Kcals
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Averaging the values for the higher aldehydes, it i3 found that
C(C=0)* 171. 8 Kcals*
D(C=0) = 153.9: cals





The heat of combustion in the liquid state and the boiling point
temperature are 735.6 Kcals/mole* 'and 102.7 C. respectively.






CO(4)] « - Q + 5AH£° [co2(g)] S&H? fazO(JL )]
= - 76. 25 Kcals .
Since it is known by Trouton'o Rule that
AH An = 21 TR ^ = 7.39 Kcals,vap si. - 1.
it is found that
AHf°(g) = - 63.4 Kcals.
rims
5C(3r) + 5H2(g) + 1/2 2(g) = (C2H5 )2 CO(g) - 68. 4 Kcals





0(g) * 1/2 2(g) - 59.2




CO(g) -[1507. 1 or 1327.6] Kcals
| = 4D(C-C) + lOD(C-H) + D(C=0)
D(C=0)* = 184. 1 Kcals*
=0) = 166. 2 Kcals.

-(f) From Methyl-propyl ketone [(CH
S )
(C^I-) Co]
The heat of combustion in the liquid state «.nd the boiling
point arc 735.6 Kcals/mole* 'and 101.7 C* 'respectively. From
the combustion equation, it is seen that
AHf°(^) * - Q 5AH£° [C02(g)] + 5 AvIf°[H20(jn] = - 76. 3 Kcals
AH 21 (T~
_J " 7.9 Kcalo,vap * B.Pt'
it is found that
AHf° [(CH3 ) (C 3K? ) CO(g)] = - 68.4 Kcals.
Thus
5C(Gr) > 5H2(g) + 1/2 2(g) = (CH3) (C 3H? ) CO{g) - 68.4 locals




O(g) = l/2 2(g) - 59.2
5C{g) + 10K(g) + O(g) = (CHgHC^Hf) CO(g) -[l507. 1 or 1327. 6] Kcals
I = 4D(C-C) + 10D<C=H) + D<C= O)
D(C=0)* 184. 1 Kcals*
D(00)=166. Z Kcals.
<g) Di propyl ketone [(CjH^ Co]
The heat of combustion of the liquid and the boiling point are
1050.5 Kcals/mole ' and 144 C. ' respectively. From the combustion
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equation it can be written




AHf°U ) - - 86. 1 Kcals.
The heat of vaporisation by irouton'tj Rule is
AH = 2MTV _. ) * 8.8 Kcalsvap ' B.Pt.
so that




t 1/2 2(g) = (CjH^ CO(g) - 77. 3 Kcals
7C(g) = 7C(gr) - [l201.9* or 950.6]
14H(g) =7H2(g) - 729.4
O(g) = l/2 2(g) - 59.2
7C(g) + 14H(g) + O(g) = (CjZ-ly^ CO<g) - [2067.8* or 1816. 5] Kcals
^ = 6D(C-C) + 14D(C-H) + D(C=0)
D(C=G)* = 181. 4 Kcals*
D(C=0) = 163. 5 Kcals.
averaging the values for the ketones, it is found that
D(C=0)* = 183. 2 Kcals*




(a) From Hydrogen Cyanide (HCN)
1/2 H2(g) + C(gr) + 1/2 N2(g) HCN(g) + 31. 2 Kcals
(6)
H(g) * 1/2 H2(g) - 52. 1
C(g) = C(gr) -[l71.7* or 135.8]
N(g) = l/2N2(g) = 112.8
H(g) + C(g) + M(g) = NCN(g) -[305.4* or 269.5] Kcals
^
= D(C-H-f D<C=N)
D<C = N)* = 207. 3 Kcals*
D{C = N) = 180.4 Kcals.
(b) From Methyl Cyanide
The heat of combustion of the liquid and the heat of vaporization
(4)
are 302.4 Kcala/mole ' and 7.0 Kc*ls/mole respectively. From the
combustion equation, it is seen that
AHf° [CH-CNd?)]* - Q + 2AHf° [COJg)]t X ,j- , —- L—2
C
2
Therefore, it is found that
AHf° [CH
3
CN(g)] * 18.8 Kcals.
+ 3/2 AHf°[H 0<{n] = 11. cals.
^Iius
2C(gr) + 3/2 H
2(g) + 1/2 N2(g) = CH3 CN(g) + 18. 8 Kcals
2C(g) = 2C(gr) -[343.4* or 271.6]




2C(g) + 3H(g) 4 N(g) s CH
3
CN(g) - [5)3.7* or 521.9] Kcals
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| = D(C=N) + 3D(C-H) + D(C-C)
D(C=N)« = 213.9 Kcale*
D(C=N) = 187.0 Kcala.
The average of the foregoing bond energies are
D(C = N)* = 210.6 Kc*ls*




SUMMARY OF CALCULATIONS USED TO DETERMINE
BOND ENERGIES NOT INVOLVING CARBON
*• P(H-Gl )
1/2 H2(g) + 1/2 CH 2(g) = HCj* (g) - 22.063 Kcals
*6)
H(g) = l/2H2(g) - 52.089
Ci (g) = l/2Cl 2 (g) - 29.012
By addition
H(g) + Cjt (g) = HC1 (g) - 103. 164 Heals*6*
D(H-Ci ) = 103.2 Kcals
2. D(H-Br)






1/2 Br2(g) = l/2 3r2(^) - 3. 67<
6>
3r(g) = 1/2 Br2 (g) - 23.22
By addition
H(g) + Br(g) = H 3r(g) - 87. 64 Kcals
D(H-Br) = 87. 6 Kcals
3. D(H-I)
1/2 K2(g) + 1/2 I2(c) = Hl(g) + 6. 20 Kcals*
6
*
H(g) * l/2H2(g) - 52.089
Kg)= l/2I2(g) - 18.225




H(g) 1(g) = HI(g) - 71. 552 Kcals














= 2H(g) + 104. 2
2(g)
= 20(g)+ 118.3














Q(g)=* 1/2 Q2(g) - 59.2
By addition
2H(g) + O(g) = H20(g) - 221.2 Kcals
J = 2D(0-H)






S(g) - 4. 82 Kcals*
6)
S(g) S(c) - 53.25*6)




S(g) 2K(g) = H2S(g) - 162.25 Kcals
| - 2D(H-S)
D(H-S) » 1/2 (162. 25) = 81. 1 Kcals
7. D(As-F)
As(c) + 3/2 F 2(g) = As F 3(g) - 218. 3 Kcals
^
As(g) = As(c) = 60.64*6*
3F(g) 3 3/2 F 2(g) - 54. 59
By addition
As(g) + 3F(g) a As F
3(g)
- 333. 53 Kcals
a 3D(As-F)
D(As-F) = 111.2 Kcals
8. D(As-CJE )
As(c) + 3/2 CX 2(g) = As CJl 3(g) - 7i. 5 Kcals
*
6)
As(g) = As(c) - 60.64 ^
3C£ (g) = 3/2 CX 2(g) - 87.03
By addition
As(g) + 3CJ2 (g) = As CJl 3(g) - 219. 17 Kcals
^ a 3D(As-Cj? )
D(As-C£ ) « 73. 1 Kcals
9. D(As-Br)
3/2 Br2(J?) = AsBr3(c)
-
3/2Br,(g) n 3/2 Br ?(i) - 11.01 *
6)
As(c) + J( 3 ^c) - 46.61 Kcals ^

9. D(As-Br) (Continued)







Aa(g) = As(c) - 60.64(6)
3Br(g) = 3/2 Dr 2(g) - 69.66
By Addition
3(g) + 3 3r(g) = As3r 3(g) - 175.11 Kcals
j = 3 D(As-Br)




(g) = 1/2 G2(g) = F 2Q(g) + 5.5 Kcals*
6)
2F( G ) =F 2(g) - 36.4
0(g) = l/2 2(g) - 59.2
By addition
2F(g) * O(g) = F
20(g) - 90. 1 Kcals
) = 2D(F-Q)
D(F-O) = 1/2 (90. 1) = 45. Kcals
11. D(Cl-O)
Ci 2(g) + 1/2 Q2(g) = Cj? 20(g) + 18.20 Kcals*
6)
2Ci(g) =Cje 2(g) - 59.02
3(g) c l/2Q2(g) - 59.15
By addition
2Cj?(g) + O(g) = CJ?,0(g) - 98.97 Kcals
fat
J= 23<CJ?-0)




2S(c) + cx 2(g) = 2c*^{l) ~ 14-^cai8
(6)
~je
2U) • ;v 2CJ^ 2(g)^ 3.61
(6)





2 i(g) f 2Cj?(g) * S2Ci 2(g) - 170. 3 Kcals
|* D< -S)4> 2 1 (S-C*)
- :*) = 1/2 (170.3 - 50.3) = 60.0 Kcals
13. D(S-Br)
) **2(JM r2^ } " 3 ' 6 * CAls<6)
•?he heat of vaporization is estimated by Trouton* s Rule to be






» Br2(J{) - 7.3
)
2S(g) = 25(c) - 106.50'
r(c) s B»2<8) " 46 -
3y addition
23(g) + 2Br(g) = S 2?r ? (g) - 157.04 Kcals
| - 2D(S-£r) + | - )
D<S-Br) = 1/2 (157.04 - 50.3)




Si(c) r Zlx^i) * SiDr4(Jj) - 95. 1 I cals
(6)
SiBr4U) = 3iBr4(fc;) + V. 1
(6)







* ' ) - -
By addition
3i(g) 4Br(g) Si Br (g) - 231.6 Xcals
-_•
| = 4 (Si-Br)
i-Br) = 1/4(281.6) - 70. 4 I cala
15. £>(7i-3)
3i(c) + 2 (c) » 3iS2(c) - 34.7 1 cal3
(6)
2S(g) = 2 3(c) - 106.50(6)
Si(g) = Si(c) - 38.0* 6)
By addition
2S(g) + Si(g) = ii32(c) - 229. 2 I cals
£ = 4D(Si-3)
D(3i- :) = 1/4 (229. 2) = 57. 3 Kcali
16. ?{' -IS)
P(c) + 3/2 H2(g) = PH3(g) * 2.21 ! cal3
{6)
P(g) = Pfc) - 75. 18(6)
3H( 3 ) = 3/2K2f5 ) - 156.30
By addition
">(g) + 3H = PH3(g) - 229. 27 i'cals
f=3D(P-H)




(c) + 3/2 ,i2(g) = As H3(g) + 41.0 I'cals*
6)
>(g) = jis{c) - 60.64
3H(g) = 3/2 :i 7 (G ) - 156.30
By addition
3(0) + 3H( G ) = as H3{g) - 175.94
^
- 3D(As-H)
' (As-H) = 1/3 (175.94) = 58.6 Kcaks
18. r>(Si-Si)
D(Si-Si) = 1/2 (Heat of Sublimation of Si)
(Si-Si) = 1/2 (88.04)* 6)
D(Si-Si) = 44. 02 Kcals
19. D(Ge-Ge)
D(Ge-Ge) = 1/2 (Ht.of Sublimation of Ge)
D(Ge-Ge) = 1/2 (78. ""*'
D(Ge-Ge) = 39.22 ~cals
20. 3(As-As)
4as(c) = As4(g) + 35.7 : cals*
'
4As(g) = 4As(c) - 242.6*6)
By addition
4As(g) = As4(g) - 206.9
j - 6d(as-A8)
D(As-A») = 1/6 (206.9) = 34.5 Kcals
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21. D( :•- )
4P(c) = P4(g) + 13. 12 Kcals*
6)
4P(g) = 4P(c) - 300. 72^
By addition
4P(g) = P4(g) - 28. 76
^
= 6 D(P-P)




+ 24. 1 Kcals^









« SiH4(g) - 14. 8 Kcals





Si(g) + 4K(g) = SiH4(g) - 311. 2 Kcals
]f
= 4 D(Si-H)





Si(c) + 2F 2(c)
= Si^ 4(g) - 370 Kcals
(6)
Si(g) 5i(c) - 88. (6)
4F(g) = 2-2 (g) - 72.8
3y addition
Si(g) + 4F(g) = SIFJg) - 530. 8 Kcals
If = 4 D(Si-F)
D(Si-F) = 1/4 (530.8) = 132.7 Kcals
25. ~>(Si-CJ? )
Si(c) ZCJL 2(g)
= Si Cj( 4(g) - 145.7 Kcals
Si(g) = Si(c) - 88.0(6)
4Ci (g)« 2Cje 2 (g) - 116.0
By addition
Si(g) + 4Ci (g) = Si Cje 4(g) - 349. 7 Kcals
| = 4D(5i-CJ? )
D(Si-CJe ) = 1/4 (349.7) = 87.4 Kcals
26. D(Si-O)
Si(c) + G2(g) = Si 2 (c)
- 205.4 Kcals (6)
Si(g) = Si(c) - 88. *
6)
2Q(2)= Q2(g) " U8."
By addition
Si(g) + 2 0(g) = SiG2(c) - 411.7 Kcals
^ = 4D(Si-0)





1/2 Np(g) + 3/2 F2(g) x NF-(g) - 27.2 xals
(6>
N(-) = l/2N 2{g) - 112.
3?(G ) = 3/2 F2(g) - 54.6
• addition
N(g) + 3F(g) =NF3(g) - 194.6
^
s 3 P(N-F)
D(N-F) » 1/3 (194.6) = 64.9 Kcals
28. i±
(c) + 3/2 CJ? 2(g) = FCje 3(g) - 73.22 Kcal 3
(6)
Mg) (c) - 75.1S*
6
*
3CJUg) * 3/2 Cj^(g) - 87.03
By addition
P(g) + 3CJUg) = PC^ 3(g) - 235.43 Kcals
f - 3D(P-CJ?)
D(P-CJt) * 1/3 (235.43) = 73.5 ITcals
29. D(P'Br)







(c) - 75. 13* 6)
3Br(g) = 3/2 Br 2(g) - 69.66
By addition









xnce it is known that >(3r-3r)° = 45.457 Kcals,* a' it can be
written that
>r,(g) 2 3r(g) + 45.457 Kcals, at 0°K.
The correction of the bond energy value from K to 298. 16 K is
found through use of the equation






{- [d J!nOvlb/dT] * 2[dl»Qvu/dTlBr).
3ut since [dj^n Q




/dT]= -RT2 [d^Q^/dT]^ = -R T u [exp u -
1^L 2




A RT ZdknQ , u/dT = -0.986RTvio
The correction may now be completed since it can be written that
A 5/2 RT a +5/2 RT, since A is the change in number of moles for the
above reaction, and therefore
D(Br-Br) a 45.457 + 5/2 RT - 0.986 RT
3r-3r) a 46.444 Kcals.
31. D(I-I)
ince it i3 known that u(l-I) - 35. 556 Kcals* , the following





l/2(g) = 21(g) + 35. 556 Kcals, at O
c
.
The correction of the bond energy value from K to 298. 16 K is
carried out by exactly the same procedure as before, so that
D(I-I) = D(I-1)° + A [rT2 d^nQwb/ ] A [5/2 Rt]
where
a[rT 2 d^nQ^/dT] = -F / [in;
vib/dr]j « -RTu[eKP u-l]j
and uT = 0.01788 radians. One obtains upon evaluation
*2
that A [RT dXnQ lb/di'J = -0.991 RT. and from the above equation,
that A [5/2 RT] = + 5/2 RT. Thus it is seen that
D(I-I) = 35. 556 + 5/2 RT - 0. 991 RT






The standard heat of formation is known to be 19. 82 kcals/mole. '




- [3D(C=C) + 3D(C-C) + 6D(C-H)]
-^
6C(g) + 6H(g) = C6H6(g) - [l274. l*or 1058. 7] - ljR
6C(gr) * 6C(g) + [l030. 2* or 814. 8]




= C 6H6(g) + 68.7 - ^ R




The heat of combustion of the compound in the crystalline
state, the heat of fusion, and the heat of vaporization are 1232.5 kcals/
(4) (4) (4)
mole, 4.65 kcals/mole, ' and 9.65 kcals/mole, ' respectively.
From the combustion equation, it can be written that
AHf°(c) = - Q + 10 AHf° [co2(g)1 + 4AHf° [h2O(J0] =+18.7 kcals,
so that




lOC(gr) + 8H(g) * C 10H8(g) - [5D(C =C)+6D(C-C)+8D(C-H)]- |R




- [2012.8* or 1653.9] - |R
lOC(gr) = 10C(g) <- [l717* or 135s]
4H
2(g)
* 8H(g) + 416.8
By addition
10C(gr) + 4H
2(g) =C 10H8(g)+ 121.0 - ^ R
?R a 38.0 kcals
3. Aniline (C6H5NH2 )
The standard heat of formation of the compound in the liquid
state and the boiling point are -4.451 kcals /mole* ' and 457.6 K, ' re-
spectively. The heat of vaporisation is estimated by Trouton's rule
as follows,
AH = 21 T~ . = 9.6 kcals,







2(g)| = - 4.451 + 9.6 = 5. 1 kcals







+ D(C-N) + 2D<N-H)] - | R
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Table A-V. Data Used for Computation of f „ for Aniline
Bond Energy











Total {) ) 1433.0 1217.7
Thus
6C(g) + N(g) + 7H(g) = C 6H5NH2(g) - [l433.0*or 1217. 7]- ^ R
6C(gr) * 6C(g) + [1030. 2* or 814. 8]
l/2N
2(g)
= N(g) + 112.8
7/2H
2(g)
= 7H(g) + 364.7
By addition
6C(gr) + l/2N
2(g) + 7/2H 2(g) * C6H5NH2(g) + 74.7 - \ R
I R = 74.7 . 5. 1 = 69.6 kcals
4. Dialkylcarbonates R2co^ ° ~ C \
f i OR
(a) From dimethyl carbonate. The heat of combustion in the
(4)














It is also known that









3C(g) + 6H(g) + 30(g) (CH3 )2 C03 - [D(C=0)+4D<C-0)+6D(C-ri)]-\ R
Table A -VI. Data Used for Computation of \ R for <CH3 >2 C03
Bond Energy







3C(g) + 6H(g) + 30(g) = (CH3 ) 2 C03(g) - [lll3.4* or 1006. 3] - j
3C(gr) = 3C(g) + [515.1* or 407.4]
3H2(g) =6H(g) + 312.6
3/2G
2(g)





2(g)+3/202(g) = (CH3 )2 CC>3 - [l08. 2* or 108. o] -|R
?R = + 138. 4 - 108. 5 = 29. 9 kcals
(b) Diethyl carbonate
The heat of combustion of the liquid and the boiling point are
467.9 kcals /mole' ' and 399.0 K respectively. From the combustion
equation, it can be written
AHf° [(C 2H5 ) 2C03(je)] = - Q 5AHf° [C02(g)j + 5AHf° [k20(j[)]
- 164. kcals
It may be estimated that
AH = 21 (T^ J = 8.4 kcalsvap * B.pt'
so that
AHf° (C 2H5 ) 2 C03(g) = - 164.0 + 8.4 = - 155.6 kcals
5C(g) + 10H(g) 4- 30(g) x (C 2H5 ) 2C0 3(g) - [2D(C-C) + 4D(C-0)
+ D(C=0) + lOD(C-H)]
-]R
Table A-VII. DaU Used for Computation of 1: R for (C 2He) 2C03
Bond Energy













5C(g) + 10H(g) + 30(g) = (C 2H5 ) 2C03(g) - [l676. 8* or 1497.9] - ! R
5C(gr) =» 5C(g) + [858.5* or 679. o]
5H
2(g)
= 10H(g) + 521.0




+ 3/202(g) (C 2H5 )2C03(g) - [ll9.8* or 120.4]-$,
? R = 155.6 - 1/2 (119.8 + 120.4)
£R 35. 5 kcals
The average of the two computations is
r R a 32. 7 kcals
O H/ \ I
5. Furfural HC C-C O
n ||
HC CH
The heat of combustion of the liquid and the heat of vaporization
are 559.5 kcals /mole* ' and 10.31 kcals/mole, ' respectively. Front
the combustion equation, it is seen that
AHf° [c4H3OCHO<j!)] = - Q(J() + 5AHf° [C02(g)] + 2AHf°[H20( Jj )]
AHf°(i ) » 5(-94. 05) + 2(-68. 32) + 559. 5
AHf°(jn = - 47. 4 kcals
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Therefore the heat of formation of the gaseous molecule is
AHf°(g) = - 47. 4 + 10. 3 = - 37. 1 kcals
5C(g) + 4K(g) +20(g) = C4H3OCHO(g) - [2D(C*C) +2D(C-C)+2D(C-0)
* D(C=0) + 4D(C-H)]- lj R
The value of D(C=0) for higher aldehydes will be used because of
structural considerations.
Table A-VIII. Data Used for Computation of | R for Furfural
Bond Energy








5C(g)+4H(gH20(g) =C4H3OCHO(g) - [ll92.0*or 1012.9] - JR
5C(gr) = 5C(g) + [858.5* or 679. o]
2H
2(g)
* 4H(g) + 208.4
O
z
(g) = 20(g)+ 118.3
By addition
5C(gr)+2H2(g)+02(g) = C4H3OCHO(g) - [6. 8* or 7. z] - ^ R
^R = 37.1 - 1/2 (6.8 + 7.2)








6. Phenyl acetylene (CgH.CCH)
The heat of combustion of the liquid and the boiling point are
-1024. 2 kcals /mole* 4 * and 416. 2°K*4 * respectively. The heat of
vaporization is estimated by Trouton's rule to be
H = 21 Tn m = 8.73 kcals.vap B . Pt
.





CCH(j?)] = 8AHf° [C02(g)] 3AHf° [H20(j?)] - Q
AHf° {S. ) * 8(-94. 05) + 3(-68. 32) + 1024. 2
AHf°(j0) a + 66.8 kcals
AHf°(g) = 75.5 kcals
8C(g) + 6H(g) = C 6H5CCH(g) - [3D{C=C)+4D(C-C)+D(C = C)+6D(C-H)]-|R
.. i. . i Ul l 1 1 —I— I I I 1 II '1.1 1 I'lil '. II II i I —
—
UN I I 'in II" I II ' l"ll 1 1 I I II ' | I J II 1 I ii i I i /!i II
Table A-IX. Data Used for Computation of y ^ for C/H-CCH
Bond Energy













8C(g)+6H(g) - C 6H5CCH(g) - [l553.9* or 1269.3] - | R
8C(gr) = 8C(g) + [1373.6* or 1086. 4]
3H
2(g)




= C6H5CCH(g) [l32. 3* or 129. ?] - ^ R
^R
= 1/2 (132.3 + 129.7) - 75.5
v R = 55. 5 kcals
7. Phenyl cyanide (C/HgCN)
The heat of combustion of the liquid and the boiling point are
(4) o (4)865. 5 kcals/rnole* 'and 463. 9 K, 'respectively. The appropriate
estimate for the heat of vaporization is
^v.p^B.pt* 9 - 73 ""1'
By the definition of heat of combustion, it is seen that
AHf° [c 6H5CNU)] = - Q( ) + 7AHf° [c02(g)] + 2.5AHf° [k20( Jo]
AHf°(^) =+36.3 kcals
AHf°(g) = 46. kcals
7C(g) + 5H(g) + N(g) = C6H5CN(g) - [3D(OC) + 4D(C-C) + D(ON)







Table A-X. Data Used for Computation of * R for C^H-CN
Bond Energy











CN(g) - [l472. 1* or 1220.9] - | R
7C(gr) 7C(g) + [l201. 9* or 950. 6]
5/2H
2(g)




7C(gr) + 5/2H2(g) + l/2N2(g) = C6H5CN(g) + 103.0 - )R
P„ a 57. kcals
8. Carbon Monoxide (C=Q)
The heat of vaporization is known to be - 26. 42 kcals /mole. ' '
C(g) O(g) = CO(g) - D(CrO) - | R
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Using D(C*0) determined from formaldehyde, it is seen that
C(g) + O(g) - [l66. 6* or 148. 7] -
^ R + CO(g)
C(gr) = C(g) + [l71.7* or 135.3]
l/20




= CO(g) + [64. 3* or 46. 3] - If R
f R*= 90. 7* kcals
^_ = 72. 7 kcals
9. Carbon dioxide (O-C-O)
The heat of vaporization is -94. 05 kcals /mole. ' '
C(g) + 20(g) * CO
z
(g) - 2D(C=0) -
^ R
C(g) + 2CKg) * C02(g) - [333. 2* or 297. 4] - ^ R




C(gr) + 2(g) = C02(g) - 43. 3 - ) R
? R » 50. 7 kcals
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10. Acetophenone (C/H COCH,)
The heat of combustion in the crystalline state, the melting
and boiling points are 983.9 Kcals,* 4 * 292.9°K,*4) and 475.5°K* 4)
respectively. Estimates of the heats of fusion and vaporization can
be made as follows
AH- . * 10 T., _. = 2.9 Kcalsfusion M. Pt
AH = 21 Tn n, » 10.0 Kcals.vap B. Pt
From the equation for the combustion of this hydrocarbon, it is seen
that
AHf° [c6H5COCH3(c)] = - Kc)+8AHf [cQ2(g)] + 4AHf°[H2Q(M]
AHf°(c) = 8(-94. 05) + 4(-68. 32) + 988. 9
AHf°(c) = - 36.8 Kcals
AHf°(X) - 36.8 + 2.9 * - 33.9 Kcals
AHf°(g) = . 33.9 10.0 = - 23.9 Kcals
8C(g) + 8H(g) + 0(g) = C6H5COCH3(g) - [3D(C*C) + 5D<C-C)
+ D(C*0) + 8D(C-H)]
-|R
The D(C=Q) from the ketones will be used in the computation
because of structural considerations.
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Table A-XI. Data Used for Computation of
^ p for C/HgCOCH.
Bond Energy













8C(g)+8H(g)+0(g) = C 6H5COCH3(g) - [l824.5* or 1537.3]- |R
8C(gr) = 8C(g) + [l373.6* or 1086. 4]
4H
2(g)
- 8H(g) + 416. 8
l/20
2(g)
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